In vivo Three-Dimensional Birefringence Analysis Shows Collagen Differences between Young and Old Photo-Aged Human Skin  by Sakai, Shingo et al.
In vivo Three-Dimensional Birefringence Analysis
Shows Collagen Differences between Young and
Old Photo-Aged Human Skin
Shingo Sakai1, Masahiro Yamanari2, Arata Miyazawa2, Masayuki Matsumoto3, Noriaki Nakagawa1,
Tomoko Sugawara1, Keigo Kawabata1, Toyohiko Yatagai4 and Yoshiaki Yasuno2
Polarization-sensitive optical coherence tomography (PS-OCT) permits non-invasive visualization of dermal
birefringence, mainly due to collagenous structures. The purpose of this study is to use PS-OCT to assess
intrinsic-age-related and photo-age-related differences in three-dimensional dermal birefringence. We
measured dermal birefringence of the cheek skin and photo-protected interior upper arm skin from old and
young volunteers. The algorithm that we used automatically produces the transversal dermal birefringence map
from the polarization-sensitive OCT volume. This allowed quantitative comparison and visualization of the
transverse distribution of the dermal birefringence. We found that dermal birefringence of the cheek skin was
significantly smaller in the old group than in the young group (young group, 0.295±0.0371 mm1; old group,
0.207±0.031 mm1; P¼ 0.003), whereas the interior upper arm showed no age-dependent difference. The
transversal map of the cheek showed a heterogeneous decrease in dermal birefringence due to photoaging.
The maps suggested that the peripheral regions of some infundibula were surrounded by a strong collagen
network. Three-dimensional analyses of dermal birefringence using PS-OCT help to quantify the diagnosis of
photoaging.
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INTRODUCTION
Aging is a very important issue not only in dermatology but
also cosmetic science. Cutaneous aging is caused by two
independent biological processes, intrinsic aging and photo-
aging (Kligman and Lavker, 1988; Uitto et al., 1989;
Gilchrest, 1990). Intrinsic aging is the slow and irreversible
degeneration of the skin over a lifetime. Photoaging is the
extrinsic aging caused by sun exposure. It is observed on the
exterior forearm, the face, and other sites exposed to the sun.
UV irradiation causes changes in the internal structure of the
skin such as enlargement and dysplasia of the keratinocytes
in the epidermis (Montagna et al., 1989), and dermal
degeneration of the extracellular matrix component (Kligman
and Lavker, 1988; Bhawan et al., 1995; El-Domyati et al.,
2002). It also leads to the formation of wrinkles (Kligman,
1991). The degeneration of collagen, a main dermal
extracellular matrix component, is a major factor in dermal
alteration. The degeneration of the metabolism (Talwar et al.,
1995; Bernstein et al., 1996; Chung et al., 2001) and the
collagen fibers (Lavker, 1979; Nishimori et al., 2001; Fisher
et al., 2002) are caused by UV irradiation. When the
diagnosis is photoaging, it is very important to non-invasively
evaluate the degree of dermal degeneration.
Confocal microscopes (Rajadhyaksha et al., 1995), ultra-
sound tomography (Vogt et al., 2003), two-photon micro-
scopes (Konig and Riemann, 2003), and optical coherence
tomography optical coherence tomography (OCT) (Huang
et al., 1991; Welzel, 2001) have been used for non-invasive
investigations of the internal structures of the skin. Although
confocal microscopes and two-photon microscopes have a
higher spatial resolution than OCT, their measurable depth
range is limited. Ultrasound tomography does not have
sufficient resolution and image contrast to distinguish the
individual structures of the skin (Vogt et al., 2003). OCT can
image deeper structures than confocal microscopes and has a
higher resolution than ultrasound tomography. The stratum
corneum, dermal–epidermal junction, infundibula, and folli-
cles are evident in two-dimensional OCT images (Welzel
et al., 1997; Welzel, 2001; Gladkova et al., 2005). OCT can
detect epidermal and dermal structural changes due to acute
UV irradiation (Gambichler et al., 2005). Recently, Fourier
domain OCT, which includes spectral domain OCT
(SD-OCT; Fercher et al., 1995; Hausler and Lindner, 1998)
and swept source OCT (Yun et al., 2003), is a new modality
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that produces fast and highly sensitive OCT images. These
new OCTs enable real-time (Wojtkowski et al., 2003) video
rate cross-sectional imaging (Nassif et al., 2004) and three-
dimensional analysis (Hori et al., 2006). Three-dimensional
analysis offers dermatology and cosmetic science (Hori et al.,
2006) a new way to investigate the relationship between
surface morphology (wrinkles, textures, and facial pores) and
the internal structure of the skin, etc.
Moreover, functional OCTs, such as second harmonic
OCT (Jiang et al., 2004) and polarization sensitive OCT (PS-
OCT; Hee et al., 1992; de Boer et al., 1997; Yasuno et al.,
2002), have been developed. In the dermis, collagen forms
strongly oriented fibers, which leads to such optical proper-
ties as second harmonic generation (Jiang et al., 2004)
and birefringence (Doillon et al., 1985a, b; Sankaran and
Walsh Jr, 1998). second harmonic OCT and PS-OCT enable
visualization of not only the backscatter light intensity but
also information related to collagenous structures in biologi-
cal tissue. Unlike second harmonic OCT, PS-OCT has been
applied to dermatology (Park et al., 2001; Pierce et al.,
2004a). A change in phase retardation has been reported in
cases of scars, burns, and wound healing, which change the
collagenous structure of the skin (Park et al., 2001; Pierce
et al., 2004a, b; Oh et al., 2006). However, no detailed
investigation of intrinsically aged and photoaged skin has
been performed. Our group has developed fiber-based
polarization-sensitive spectral domain optical coherence
tomography (PS-SD-OCT) using B-scan-oriented polarization
modulation (Yamanari et al., 2006). In this study, we used
PS-SD-OCT to three-dimensionally analyze the dermal
birefringence of the cheeks (a sun-exposed site) and interior
upper arms (a non-exposed site) of young and old volunteers.
RESULTS
Average dermal birefringence
Figure 1 shows typical single B-scan images (cheeks of
26- and 73-year-old male) of backscatter light intensity and
phase retardation. Phase retardation was demonstrated by
the contrast of the transition from black (01) to white (1801)
(Figure 1a and b). The epidermis, which shows little change
in phase retardation, is black in color. The dermal phase
retardation was integrated with depth (gray to white color),
as described in a previous study (Pierce et al., 2004a, b).
Cheek of 26-year-old male showed shaper slope of dermal
phase retardation than that of 73-year-old male.
Cheek sites (Figure 2a) and interior upper arm (Figure 2b)
sites in the old group showed 45 and 72% of elasticity of
those in the young group, respectively, suggesting that old
volunteers had significantly photodamaged cheeks. The
cheek sites in the old group showed significantly smaller
dermal birefringence than those in the young group (young
group, 0.295±0.0371 mm1; old group, 0.207±0.031 mm1;
P¼0.003) (Figure 3a and c). The interior upper arm sites,
however, showed no significant age-dependent differences
(old group, 0.241±0.0291 mm1; young group, 0.248±
0.0431 mm1; P¼0.747) (Figure 3b and d). The values of
the slope were appropriate and in agreement with previously
reported values (Pierce et al., 2004a, b).
As shown in Figure 3c and d, the same regions from about
100–300mm of depth in both the young and old groups were
selected for the fitting of the slope by the algorithm. A lower
180°
e
e
0°Ph
as
e 
re
ta
rd
at
io
n
Figure 1. PS-SD-OCT revealed dermal birefringence. Images of phase
retardation (a, b) and backscatter light intensity (c, d) from cheeks of
26-year-old (a, c) and 73-year-old (b, d) male. e, epidermis; Bars¼ 300mm.
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Figure 2. Old cheeks showed significant lower elasticity than young cheeks.
Elasticity was measured with a Cutometer at the same sites measured with
PS-SD-OCT. (a) Cheek and (b) upper arm. White bar, young group (n¼ 5);
black bar, old group (n¼ 6); **Po0.01.
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Figure 3. Old cheek showing lower dermal birefringence than young cheek.
(a) Cheek; (b) interior upper arm; (c) average depth profile of phase retardation
of the cheek; and (d) average depth profile of phase retardation of the interior
upper arm. White bar and circle, young group (n¼5); black bar and circle,
old group (n¼6); **Po0.01. NS, not significant.
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signal-to-noise ratio in part of the deep dermis caused the
phase retardation curve to become saturated.
Transversal birefringence map
The transversal birefringence map revealed the hetero-
geneous distribution of the dermal birefringent regions (Figure
4a–d). Dermal birefringence differed by location. The
distribution of the dermal birefringence of the interior upper
arm was diffusive and did not change with age (Figure 4c and
d). The age-dependent heterogeneous decrease in the dermal
birefringence of the cheek was clear from the map (Figure 4a
and b). Interestingly, ring-shaped birefringent regions (dia-
meter, 200–600mm) were detected in the cheeks of the old
group (Figure 4b), while many pores with non-birefringence
were located in the birefringent regions of the young group
(Figure 4a). In the case of the cheeks of the old group, some of
ring-shaped birefringent regions were colocalized with facial
pores (Figure 5). These results suggested that the ring-shaped
birefringent regions were derived from the infundibula of
follicles.
Histological observation
We examined the distribution of collagen structure in the
dermis using polarization microscope after picrosirius red
staining of facial skin of 33- and 63-year-old volunteer
(Figure 6). Interference colors of yellow to orange and red are
collagen specific due to its birefringence under crossed
polarization condition (Junqueira et al., 1983; Dayan et al.,
1989). Interference color of collagen did not distribute
homogeneously, showing horizontal heterogeneous distribu-
tion of collagen structure such as packing and orientation.
As expected with PS-SD-OCT measurement, in the case of
63-year-old’s face (Figure 6d), the area of bright yellow
interference color (lower birefringence) was observed in a
part, compared with that of the 33-year-old (Figure 6b).
Moreover, the area of solar elastosis, which has no
birefringence, occupied between collagen bundles in the
case of 63-year-old’s face (Figure 6c and d). These results
suggested that in vivo birefringence analysis indicated the
photoaging-dependent change of collagen structure and its
content. As expected with the birefringence map, infundibula
show little birefringence (non-color) and were surrounded by
collagen bundles (orange color) (Figure 6b and d). We could
observe their surrounding collagen structure extended to the
bottom of the follicular and sebaceous gland (data not
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Figure 4. The transversal birefringence map revealed the heterogeneous
distribution of dermal birefringence and changes due to aging. Young cheeks
(a) showed many pores with no birefringence (red arrows). Old cheeks
(b) showed some ring-shaped birefringent regions (red arrowheads). (a) Cheek
of a 25-year-old male, (b) cheek of a 72-year-old male, (c) interior upper arm
of a 23-year-old male, and (d) interior upper arm of a 73-year-old male.
Bars¼ 1mm.
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Figure 5. Cheek of old subject with some ring-shaped birefringent regions
colocalized with facial pores. Transversal birefringence maps (a, b) and CCD
images of skin surface (c, d) of 72- and 75-year-old males, respectively. Red
arrows, ring-shaped birefringent regions; dashed circle areas, facial pores.
Bars¼ 1mm.
Figure 6. Sixty-three-year-old Caucasian cheek showed horizontal
heterogeneous dermal collagenous birefringence, such as the weak
birefringent and no birefringent parts. Infundibula (dotted circles) surrounded
by collagen fibers (orange color). Outlined image is the magnified view of the
area indicated by white arrowhead. Collagen structure of facial skins (depth,
270mm) from 33-year-old Caucasian female (a, b) and 63-year-old Caucasian
male (c, d), respectively, were observed with (b, d) or without (a, c) crossed
polarization after picrosirius red staining. Yellow arrowheads, sites of Solar
elastosis (no birefringence, black color in (d)); blue arrows, bright yellow
interference color parts (lower birefringence) of collagen. Bars¼300 mm.
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shown). Moreover, scanning electron microscope observa-
tion showed that infundibula of mouse were surrounded by
highly layered and oriented collagen bundles (Figure 7).
DISCUSSION
This study involved the application of PS-SD-OCT system for
three-dimensional analysis of dermal phase retardation of
aged skin. To our knowledge, this is previously unreported.
Collagen forms strongly oriented fibers showing birefringence
(Neumark and Marot, 1966; Doillon et al., 1985a, b;
Sankaran and Walsh Jr, 1998). Dermal birefringence can be
analyzed by measuring the depth-resolved phase retardation.
Hence, the phase retardation slope is an essential and
quantitative parameter of the dermal collagen state (Pierce
et al., 2004b, c). In this study, the cheek (sun-exposed skin)
showed an age-dependent decrease in the phase retardation
slope, whereas the interior upper arm (non-exposed skin) did
not, suggesting that PS-SD-OCT can be used to evaluate
dermal degeneration caused by photoaging. Decreased
collagen content (Schwartz et al., 1993; Talwar et al.,
1995; Chung et al., 2001; El-Domyati et al., 2002) and
disorganized collagen fibers (Bernstein et al., 1996;
Nishimori et al., 2001; Fisher et al., 2002) also have been
observed in photoaged skin. Photoaged skin shows histo-
logical alternation, such as the grenz zone and solar elastosis,
in sites that have received prolonged exposure to the sun
(Kligman and Lavker, 1988; Uitto et al., 1989; Gilchrest,
1990). Grenz zone is also one of the targets for retinoic acid,
an anti-photoaging drug (Cho et al., 2005).
Decreased dermal birefringence may be due to the
degeneration of collagen fibers in the grenz zone and solar
elastosis. The grenz zone is the superficial papillary dermis
containing degenerated collagen fibers. It is located under the
epidermis. Lavker (1979) examined the upper grenz zone
with an electron microscope and reported that the collagen
fibrils were densely packed, had a co-arranged orientation,
and contained fewer microfilaments. Montagna et al. (1989)
also reported abundant small collagen fibers beneath the
epidermis of photoaged skin. The upper grenz zone may be a
type of altered fibrosis (Lavker, 1979; Miyasaka et al., 2005).
Alternatively, Nishimori et al. (2001) observed dispersed
collagen fibers in regions deeper than beneath the epidermis
in photoaged skin. Bernstein et al. (1996) also noted
differences in the immunostained collagen signals in the
upper and lower parts of the grenz zone. Degeneration of
collagen fibers in the grenz zone seems to be depth-
dependent.
Solar elastosis is another hallmark of dermal degeneration
in photoaged skin (Lavker, 1979; Montagna et al., 1989; Uitto
et al., 1989). Solar elastosis shows characteristic deposition of
abnormal elastin, which occupies a large part of the dermis,
and a decreased volume of collagen bundles under the grenz
zone. Solar elastosis is also characterized by large discrete
collagen bundles (Lavker, 1979; Kligman and Lavker, 1988)
and the decrease of immunohistochemical signal of type I
collagen (El-Domyati et al., 2002). The algorithm can
measure depth down to the starting site of solar elastosis
under the grenz zone. The decrease in the dermal birefrin-
gence may be related to the quantitative and/or qualitative
alternation of collagen fibers between the lower region of the
grenz zone and the starting site of solar elastosis. As
expected, the observation with polarization microscope also
suggested that heterogenous decrease of dermal birefringence
distribution due to collagen degeneration and solar elastosis
in the facial skin of 63-year-old Caucasian volunteer.
We did not detect age-dependent birefringent differences
on the interior upper arm, although others have reported
decreased collagen content (Chung et al., 2001) and have
shown an alternately oriented fiber structure (Lavker et al.,
1987; Kligman and Lavker, 1988) in intrinsically aged skin.
The discrepancy may be due to the depth that our system can
measure. Lavker et al. (1987) observed straight fibers and the
unraveling of loosely packed bundles in the relatively deeper
dermis of the interior upper arms of older subjects. Our
method may not be able to detect birefringent changes in
deeper regions such as the reticular dermis. Further study will
be required to examine whether the analysis of dermal phase
retardation can evaluate the dermal change of intrinsically
aged skin in future.
We have created the transversal birefringence map of
human skin. To our knowledge, this is previously unreported.
The map of the cheek shows the heterogeneous distribution
of dermal birefringence and the decrease caused by photo-
aging. Interestingly, the map suggests that infundibula have a
strongly oriented and layered collagenous structure in their
peripheral region. As expected, the observation with polar-
ization microscope also indicated that infundibula were
surrounded by collagen bundles. Using a scanning electron
microscope and hairless mouse skin, we confirmed histo-
logically the presence of strongly layered and oriented
collagen fibers around the infundibula. Fleischmajer et al.
(1990) demonstrated the concentrated aminopropeptides
of type I and III procollagen around the infundibula in
the human skin.The formation of collagen bundles in the
peripheral region of infundibulum may be regulated in
the different way from that in the other dermal part. These
briefringent regions of the cheek are easier to observe in older
subjects than in younger subjects because birefringence in the
peripheral regions of the infundibulum in younger cheeks may
be masked by other dermal birefringence. There are no reports
Figure 7. Infundibulum of mouse had surrounding highly layered collagen
bundles. The dorsal skins were taken from 10-week-old male hairless mice
(Hos:HR-1), fixed in 2.5% glutaraldehyde for 3 days, and immersed in a 10%
NaOH solution for 6 days to remove non-collagenous material. After staining
with tannic acid solution, the specimens were postfixed in osmium tetroxide,
and observed under the scanning electron microscope. Red arrowheads,
highly layered collagen bundles surrounding infundibulum. Bars¼50 mm.
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about the photoaging dependent change of the density of
infundibulum and its peripheral collagen structure. Hence,
the photoaging-dependent change of collagen structure in the
peripheral region of infundibulum is unclear so far. We need
the three-dimensional birefringence analysis with follicle-
identifying method such as follicular biopsy in future. Collagen
structure in the peripheral region of infundibulum might be
also a target for photoaging study. Alternatively, the shape of
infundibula is related to the secretion of sebum and the
progress of comedo and acne (Mills and Kligman, 1982;
Cunliffe, 1989). Roh et al. (2006) have reported a correlation
between sebum content and the number of facial pores. In this
study, some of the infundibula in the cheeks of the old subjects
had birefringence colocalized with facial pores. Hence, the
examination of the relationship between the state of collagen
structure in the peripheral region of infundibulum and its
function may be interesting.
In conclusion, three-dimensional analysis of dermal
birefringence using PS-SD-OCT is expected to be an
important non-invasive methodology that provides quantita-
tive and histological information about the dermal collage-
nous structure for diagnosing photoaging.
MATERIALS AND METHODS
Subjects
Five young, healthy, male, Asian volunteers (average age, 24.8±1.3
years) and six old Asian male volunteers (average age, 72.5±1.4
years) were recruited for this study. Informed consent was obtained
from all 11 subjects. The protocol was approved by the ethics
committees of Kanebo Cosmetics Inc., and by the University of
Tsukuba. The targeted sites of the cheek and interior upper arm
(3 3mm) of each subject were simultaneously measured using
PS-SD-OCT and imaged using a CCD camera in a room at a constant
temperature of 25 1C. After OCT measurement, elasticity at the same
sites was measured by Cutometer SEM 574 (Courage and Khazaka,
Cologne, Germany). Probe diameter and suction are 2mm and
350mbar, respectively. Ur/Uf at 0.1 second after release was
determined as described by Cua et al. (1990). The differences in
elasticity (Ur/Uf) between the young and old groups for each site
were evaluated by Student’s t-test. Healthy Caucasian volunteers
(33-year-old female and 63-year-old male) were recruited for a
histological study. Informed consent was obtained from these
subjects, as well. The protocols were conducted according to the
Declaration of Helsinki Principles and approved by the ethics
committee of Kanebo Cosmetics Inc.
OCT systems
The technical aspects of the design and operation of our PS-SD-OCT
system were described in a previous report (Yamanari et al., 2006).
Figure 8 shows a diagrammatic representation of the system. The light
source was a super-luminescent diode (SLD-37-HP; Superlum,
Moscow, Russia) with a central wavelength of 840nm, a bandwidth
of 50nm, and a depth resolution of 8.3mm in air. The probing power
was 700mW, which is below the safe occupational exposure level
established by the American National Standards Institute (ANSI Z
136.1). The A-scan rate was 27.7kHz. The sensitivity was 100.7 dB.
The targeted area on the skin was 3.5 3.5mm, which corresponds
to 1,023 140 pixels. The measurement time was 5.5 seconds.
Algorithm for analysis of dermal birefringence
The three-dimensional distribution of birefringence in the sample can
be measured using the B-scan-oriented polarization modulation
method. The Jones matrix method with B-scan-oriented polarization
modulation was used to measure birefringence (Yamanari et al., 2006).
Figure 9a shows a representative phase retardation gray-scale image
from 01 to 1801. To calculate dermal birefringence, the fitting range for
the slope of the phase retardation must be determined. The
straightforward way of doing this is to manually determine the linear
region of the phase retardation. However, this is not practical for
calculating the en face distribution of the slope. We developed a
method of automatically obtaining the fitting range. For each B-scan,
the measured phase retardation is moving averaged by 30 axial pixels.
The surface of the sample is detected by thresholding the OCT intensity
image. The region above the surface is removed and the A-lines of the
phase retardation are realigned so as the surface to be zero depth. The
tissue from the surface to 62mm is also removed in order to avoid
artifacts due to errors in surface detection. This has no adverse effect
because this study is examining the phase retardation of the dermis.
Since phase retardation increases with depth, the axial positions for 20
and 80% of the phase retardation for each A-line are determined. The
fitting range is the region between these two axial positions. The least
squares’ fitting method is applied to the fitting range, and the slope of
the phase retardation is calculated as shown in Figure 9a. This
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Figure 8. A schema of PS-SD-OCT system. PC, polarization controller; ND,
neutral density filter; LP, linear polarizer; EO, electro-optic modulator; M,
mirror; G, grating; PBS, polarizing beam splitter; CCD, line-CCD camera.
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Figure 9. Algorithm for the three-dimensional analysis of dermal
birefringence. In each B-scan image, the dermal birefringence in the A-scan
was set as the slope of phase retardation by moving average method
automatically (a). The results of all of the B-scan analyses were used to
produce a transversal birefringence map (b) and a histogram (c). Scale of
transversal birefringence map (b)¼ 1mm.
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procedure was used for each of the 140 B-scans, resulting in the
transversal slope map shown in Figure 9b. Figure 9c shows a
representative histogram from the transversal slope map. The slopes
under 01mm1 and over 11mm1 are regarded as fitting errors and are
ignored in the analysis. To determine the independent and combined
effects of age and site on the average phase retardation slope,
comparisons between the two groups were performed using two-way
analysis of variance (SPSS version 12.0j; SPSS Japan Inc., Tokyo, Japan).
Analysis of variance revealed significant interaction between age and
site (Po0.01). After analysis of variance, Student’s t-test was used to
evaluate the differences in the average phase retardation slope between
the young and old groups for each site (Figure 3).
Observation with polarization microscopy
Skin samples were embedded in Tissue-Tek OCT Compound (Sakura
Finetechnical Co. Ltd, Tokyo, Japan) and frozen in isopentane and
solid carbon dioxide. The serial horizontal frozen sections (10 mm)
were fixed with Mildform (R)10N (Wako Pure Chemicals Industries,
Osaka, Japan) for 10minutes. After rinsing with distilled water, the
sections were immersed in picrosirius red solution (0.15% solution
of Sirius Red in saturated aqueous picric acid: Sirius Red obtained
from Wako Pure Chemicals Industries) at 37 1C, for 30minutes as
previously described (Junqueira et al., 1979). The stained sections
were dehydrated, cleared, and mounted with Malinol (Muto Pure
Chemicals Co. Ltd, Tokyo, Japan). To visualize the birefringent
collagen, sections were observed under crossed polarization
condition with polarization microscopy (OPTIPHOT2-POL; NIKON
CORPORATION, Yokohama, Japan).
Scanning electron microscopy
The dorsal skin were taken from 10-week-old male hairless mice
(Hos:HR-1, Hoshino, Japan), and the three-dimensional organization
of collagen bundle structure was examined as previously reported
(Ohtani et al., 1988). Briefly, after removing the subcutaneous fat
layer, the specimens were fixed in 2.5% glutaraldehyde in 0.1M
phosphate buffer for 3 days. The samples were immersed in a 10%
NaOH solution for 6 days to remove non-collagenous material,
and then rinsed in distilled water for 2 days. The specimens were
stained with 1% tannic acid solution for 1 hour. After rinsing in
distilled water, the specimens were postfixed in 1% osmium
tetroxide for 1 hour, dehydrated in a graded series of ethanol, and
dried by the critical point drying technique. The specimens were
then coated with platinum and observed under the scanning electron
microscope (S-4200; Hitachi Ltd., Tokyo, Japan) with an accelera-
ting voltage of 5 kV. These experiments were approved by the animal
research committee of Kanebo Cosmetics Inc.
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